It has increasingly been suggested that the short-chain fatty acids (SCFA) acetic, propionic and butyric acids, derived from colonic fermentation of dietary fibre and other indigestible carbohydrates, exert different physiological effects. Formation of propionic acid is discussed in terms of beneficial effects on glucose and cholesterol metabolism. The aim of the present study was to evaluate possible metabolic effects of propionic acid and to differentiate between effects mediated in the upper gastrointestinal tract and those mediated in the hind-gut. For this purpose, obese hyperinsulinaemic (fa/fa) rats were studied during a 19 d test period. Sodium propionate was either fed orally through the diet (1 g/d), or infused rectally (0.15 g/d) to animals given diets high in cholesterol (20 g/kg) and saturated fat (130 g/kg). At the end of the test period total liver cholesterol pools were 20% lower (P < 0.01) in rats given dietary or rectally infused propionate (481 and 484 mg respectively) compared with the control group (614 mg).
Short-chain fatty acids (SCFA) i.e. acetic, propionate and butyric acids are produced from fermentation of indigestible carbohydrates in the hind-gut. Major sources of indigestible carbohydrates in the diet are dietary fibre, resistant starch and oligosaccharides. With some substrates, for example inulin, considerable amounts of lactic acid are also formed (Levrat et al. 1991) . The SCFA are readily absorbed from the large bowel, entering hepatic metabolism or being distributed to more peripheral tissues in the body. Butyric acid is, however, largely utilized by the colonocytes (Cummings & Macfarlane, 1991) , and it has been suggested that it protects against the genesis of colonic diseases (Roediger, 1982; Whitehead et al. 1986) . In this respect the lowering of colonic pH may be beneficial as such (Cummings & Branch, 1982) . In addition, it has been proposed that the SCFA exert specific metabolic effects. Propionic acid, in particular, is discussed in relation to beneficial effects on lipid and glucose metabolism (Anderson & Bridges, 1984; Wright et al. 1990) .
Studies regarding metabolic effects of propionate have been performed mainly in tests with orally supplied propionate (Illman et There are indications of a decrease in plasma cholesterol concentration following oral administration, and decreased serum cholesterol concentrations were observed in rats fed on diets supplemented with propionate (Illman et al. 1988 ), or cholesterol and propionate (Chen et al. 1984) . In pigs, orally-administered propionate appeared to depress cholesterol synthesis only when tallow was included in the diet (Boila et al. 1981) . In contrast, when propionate was infused into the caecum of pigs, increased total serum cholesterol levels were observed by Beadieu & McBurney (1992), whereas no impact was noted by others (Bach Knudsen & Canibe, 1993) .
Few studies are available in humans. However, Venter et al. (1990a) observed an increased serum HDL-cholesterol concentration in healthy subjects after dietary supplementation with propionate, with no effect on total cholesterol concentration. Other observations in humans include studies by Wolever et al. (1991) , in which the formation of cholesterol from acetate was inhibited in the presence of propionate during rectal administration of these SCFA, alone or in combination.
Concerning possible effects on glucose metabolism, experiments in animals suggest that propionate stimulates insulin secretion (Brockman, 1982) . When propionate was incorporated into bread, postprandial blood glucose and insulin responses were significantly reduced in healthy subjects (Todesco et al. 1991 ; Liljeberg et al. 1995) . Further, when fed to baboons, propionate lowered postprandial blood glucose responses (Venter et al. I990 b) . However, available information also suggests long-term metabolic effects in humans, and dietary supplementation with propionate for 7 weeks decreased fasting serum glucose and reduced maximum insulin increments during a subsequent oral glucose tolerance test (Venter et al. 1990a) .
Whether the effect of propionate on glucose and lipid metabolism is mediated by effects in the upper gastrointestinal tract or in the hind-gut is not clear. With respect to lipid metabolism, possible mechanisms might be an inhibition of cholesterol-synthesizing enzymes and/or increased faecal excretion of bile acids. Propionate has been shown to inhibit cholesterol synthesis in isolated rat hepatocytes (Chen et al. 1984; Wright et al. 1990 ). Studies on rat hepatocytes have further shown that the secretion of bile acids and the activity of cholesterol 7-a hydroxylase (EC 1 .14.13.17) are increased by propionate, but not with butyrate or acetate (Imaizumi et al. 1992 ). Hepatic cholesterol level thus appears to be a relevant indicator of potential effects of propionic acid on cholesterol metabolism.
With respect to beneficial effects on glucose metabolism, Todesco et al. (1991) suggested that the reduction seen in postprandial glycaemia following ingestion of propionateenriched bread was caused by an inhibition of the amylolytic activity. Other possible mechanisms include a delay in the rate of gastric emptying in mammals, including man (Blum et al. 1976 ; H. Liljeberg and I. Bjorck, unpublished results) . In addition, propionic acid has been shown to increase glycolysis and decrease glucose production in isolated rat hepatocytes (Anderson & Bridges, 1984) .
In the present study the possible influence of propionate on glucose and cholesterol metabolism was evaluated in obese hyperinsulinaemic (fa/fa) rats with a metabolic status resembling that of subjects at risk of developing metabolic disease. Potential effects on cholesterol metabolism were evaluated by analysis of liver cholesterol, and effects on glucose metabolism by measurement of urinary glucose and fasting plasma glucose levels. The diets were formulated to mimic a western-type diet with respect to the distribution of energy from carbohydrate, protein and fat, and contained a high proportion of saturated fat and cholesterol. The test period was 19 d, during which propionate was administered orally through the diet or by rectal infusion to enable differentiation of effects mediated in the upper gastrointestinal tract and the hind-gut.
MATERIALS A N D METHODS

Animal experiments
Diets. The composition of the basal diet is described in Table 1 . The diets were formulated to contain high concentrations of cholesterol (20 g/kg) and saturated fat (130 g/kg), i.e. about 38% of the energy originated from fat, 17% from protein and 45% from carbohydrate. The diets contained only carbohydrates expected to be completely and rapidly absorbed from the rat small intestine, i.e. fully gelatinized maize starch (Snowflake, Cerestar Scandinavia A/S, Holte, Denmark) and glucose (Sigma, St Louis, MO, USA) to prevent interference from SCFA production.
Animals. Male Zucker (fa/fa) rats (Harlan Olac Limited, Bicester, Oxon), characterized by high insulin and lipid levels in blood (Schirardin et al. 1979) , were used. The test period was 19 d. The rats, with an initial weight of 350 (SEM 6)g, were divided into three groups of five, and kept individually in metabolic cages (Eggum, 1973) for separate collection of urine and faeces during the last 5 d (day 154ay 19) of the test period. The feed intake was restricted to 20 g dry weight/d, while the rats had free access to water. Urine was collected in flasks containing 2 ml isopropanol to prevent microbial growth, while faeces were collected dry. Both faeces and urine were collected daily and kept frozen at -20" until analysed. After the test period, the rats were killed with diethyl ether.
One group of animals was fed on the basal diet only (the control group). A second group was fed on the basal diet, but was infused rectally each day throughout the study with approximately 0.15 g sodium propionate (NaPr) (4 mmol/kg body weight) in an isotonic NaCl solution (2-5 ml). This amount of propionate corresponds to the quantity which would be expected to be formed from a diet containing 70 g/kg completely fermentable carbohydrate (Cummings & Macfarlane, 1991) . The actual dose administered was at maximum 0.15 g NaPr/d as losses via the anus could not be avoided. During rectal infusion the rats were lightly anaesthetized with diethyl ether for approximately 5 min and the propionate solution was administered for a period of 1-2 min 100 mm proximal to the anorectal sphincter. Excretions of urine and faeces during the infusion were carefully collected. Finally, a third group was administered propionate through the diet. This was achieved by exchanging 50 g/kg of the starch in the basal diet for NaPr, corresponding to a daily NaPr intake of approximately 1 g (26 mmol/kg body weight). This level corresponds to the dietary level previously used by others (Boila et al. 1981 ; Illman et al. 1988; Todesco et al. 1991 ; Liljeberg et al. 1995) .
The study was approved by the local ethical committee for animal studies at Lund University.
Sampling and analyses
Urine was analysed for glucose, whereas in the case of faeces the faecal dry matter (DM) during the last 5 d of the test period was determined. To determine fasting values of glucose and insulin at the start (day 0) and end (day 20) of the test period, blood was withdrawn from the tail after prior treatment with xylocain. The feed was withheld overnight before blood sampling. Heparin was added to prevent clotting of the blood samples. Plasma was then removed and kept frozen. After killing the animals, the liver was immediately removed, weighed and frozen (-20") until analysed for total cholesterol. No significant differences in weight gain, feed intake or DM digestibility could be observed between the three groups. Fasting plasma glucose was analysed with a glucose oxidase (EC 1 . 1 .3.4)-peroxidase (EC 1.11.1 .7) reagent (Bruss & Black, 1978) and insulin with a radio-immunoassay (Heding, 1966) . Glucose in urine was analysed, after acetylation, by GLC (Nyman et al. 1990) . Total cholesterol in liver tissue was analysed with Sigma kit no. 352-50 (Sigma Chemical Co., St Louis, MO, USA) after extraction with chloroform-methanol (Carlson & Goldfarb, 1977) . Statistical evaluation One-way ANOVA followed by Duncan's procedure for multiple comparison was used to determine significant differences between groups using an SPSS PC + statistical program (V2.0, SPSS Inc., Chicago, IL, USA).
RESULTS A N D DISCUSSION
Efects on glucose metczbolism
Fasting plasma glucose concentrations at the end of the test period were lower (P < 0.01) in rats fed on the propionate-supplemented diet than in the control group (Table 2 ). In addition, in the orally supplemented group there was a decrease over the test period (P < O-OS), whereas fasting blood glucose remained unaffected in the control group and the group administered propionate rectally. The fasting plasma insulin levels were high, approximately 200yU/ml, which is higher than the range reported for fa/fa rats on a commercial diet (Schirardin et al. 1979 ) and consistent with a hyperinsulinaemic status. No differences in fasting insulin concentration were obtained.
When measuring glucose excretion in urine during the last 5 d of the test period, significantly lower excretions were noted in the group fed with propionate (23mg) (P < 0.05), compared with the control group or the group infused rectally (39 mg; Table   2 ). This was not due to a lower feed intake, which was similar for all groups during the whole test period.
A lowering of fasting blood glucose following dietary supplementation with propionate and the absence of effect on fasting insulin are in agreement with studies in humans by Venter et al. (1990~) . Similar effects of oral propionate were also obtained in rats by Boillot et al. (1995) , with no changes in glucose production or whole-body glucose utilization. Mean values within a column not sharing a common superscript letter were significantly different (P < 0.05 or better).
Possible mechanisms for reduced urinary glucose excretion include a delay in the rate of gastric emptying (Blum et al. 1976 ) or a decreased rate of starch digestion (Todesco et al. 1991) , both leading to a blunting of the postprandial glycaemic response. Others have failed to demonstrate a reduced rate of amylolysis of starch in propionate-enriched bread (Liljeberg et al. 1995) . Moreover, in that study not only glycaemic response, but in particular the postprandial insulinaemia, was prominently reduced. A blunting of glucose and insulin responses can be expected to suppress plasma free fatty acid (FFA) levels, thus enhancing tissue uptake of glucose (Jenkins et al. 1994 ). If present, such a mechanism might explain the reduction seen in fasting blood glucose in the present study. Another possible mechanism by which propionate could influence fasting plasma glucose levels and urinary glucose excretion is by inhibiting hepatic glucose production and stimulating hepatic glycolysis (Anderson & Bridges, 1984) . However, as judged from the lack of effect in the case of rectally infused animals, dietary propionate was more effective, thus indicating an effect mainly in the upper gastrointestinal tract, or from propionate absorbed at this site. On the other hand, it should be recalled that the propionate level provided in the diet was six times higher than the dose administered rectally. Further, it should be noted that the fasting plasma insulin levels were not reduced in the propionate-fed group in spite of the markedly lower fasting plasma glucose levels, and it is also known from previous studies that obese fa/fa rats display a highly resistant hyperinsulinaemia (Shafrir, 1992) .
Efects on lipid metabolism
When studying possible effects on liver metabolism, minor differences were found in the concentration of liver cholesterol between groups. On the other hand, the total pools measured at the end of the test period were significantly lower in rats administered propionate rectally (484 mg) or orally (481 mg), compared with the control group (614 mg) (P < 0.01) ( Table 3 ). This was due to lower liver weights (P < 0-05) in rats fed, or infused rectally, with propionate, 15.3 and 15.5 g, compared with 18-2 g in the case of the control group (Table 3) . The reason for this has not been established, but could involve a larger hepatic deposition of fat in the control group, making it more relevant to focus on the pool rather than the concentration.
A lowering of liver cholesterol with orally supplied propionate has also been observed in other animal studies using hypercholesterolaemic diets high in saturated fat (mean 30 YO energy) and supplemented with propionate. Thus, liver cholesterol levels have been shown to decrease in both pigs and baboons (Boila et al. 1981; Venter et al. 1990b) . Further, in pigs, also, plasma cholesterol levels decreased when tallow was included in the diet (Thacker et al. 1981) . However, studies are not consistent and other experiments in rats with high-fat diets have failed to demonstrate any effect (Cameron-Smith et al. 1994) .
Further, with low-fat diets (< 15 YO energy as fat, with no added saturated fat) an increase in cholesterol concentration was found in rat liver tissues by Illman et al. (1988) , whereas others reported a decrease following dietary supplementation with propionate (Chen et al. 1984) . Some studies are also available in humans with orally supplied propionate, indicating beneficial effects on blood lipids. In a long-term study, Venter et al. (1990a) showed that dietary supplementation with propionate increased serum HDL-cholesterol concentrations, whereas no effects were observed on total cholesterol. In another long-term study in men, where propionate was supplied orally (75 mmol NaPr/d), a slight lowering of serum total cholesterol levels was found (Amaral et al. 1993) .
In the case of rectal and/or caecal infusion with propionate, results are divergent. Thus, in normal pigs fed on hypercholesterolaemic diets, caecal infusion at a level comparable to that used in the present study did not influence plasma cholesterol levels (Bach Knudsen & Canibe, 1993) . In contrast, others have found increased concentrations of total cholesterol in the plasma of pigs (Beaulieu & McBurney, 1992) . In humans, rectally infused propionate appears to lower cholesterol synthesis from acetate, as judged from a lower increment in plasma cholesterol levels with a mixture of acetate and propionate compared with acetate infusion only (Wolever et al. 1991) .
The fact that rectal infusion with propionate induced a similar lowering of liver cholesterol at a much lower dosage (about 4 mmol/kg body weight) compared with dietary supplementation (26 mmol/kg) indicates that the absorption capacity in the caecum and/or colon is high. In this connection it should be noted that whereas dietary propionate was supplied continuously, rectal infusion was performed only once daily. This suggests that propionate, derived from the lower gut, may be a potent moderator of cholesterol metabolism. Mechanisms behind the effect of propionate on liver metabolism might be an inhibition of cholesterol-synthesizing enzymes (Chen et al. 1984; Wright et al. 1990 ) and/or an increase in bile-acid excretion (Imaizumi et al. 1992) . In the case of the rectally infused animals one might speculate that the stress caused by anaesthesia could be responsible for the cholesterol-lowering effect by stimulating secretion of cortisol (Becket & Boyd, 1975) . However, fasting blood glucose levels did not change over the experimental period in these animals, as would have been anticipated under such circumstances. This indicates that the potential metabolic effect of anaesthesia was marginal.
In comparison with analysis of blood, changes in lipid metabolism appear to be detected faster in the liver (Onning & Asp, 1995) . This could be one reason for the lack of effects of propionate in studies focusing on plasma-cholesterol levels in short-term experiments. Moreover, the prominent lowering of the liver cholesterol pool with rectally infused or orally supplied propionate and the reduction in fasting plasma glucose and urinary glucose excretion with orally supplied propionate in the present study might be related to the hyperinsulinaemic status of the obese (fa/fa) rats used. Elevated insulin levels as present in the hyperinsulinaemic (fa/fa) rat are known to stimulate hepatic cholesterol synthesis, and reduce glucose tolerance. This makes this type of rat a more sensitive experimental model for investigating factors that improve cholesterol status and glucose tolerance.
It is concluded from the present study in obese rats that dietary propionate markedly reduces the fasting plasma glucose levels with no effects on fasting insulin. This is in accordance with results in humans (Venter et al. 1990a ). Further, propionate induced a significant lowering of the liver cholesterol pool and no difference was noted between oral and rectal administration, despite at least a sixfold higher propionate dosage in the case of oral supplementation. This suggests that propionate, when introduced at a physiologically relevant level, in situ, might modulate and improve cholesterol metabolism. Consequently, colonic generation of propionate from a diet rich in soluble viscous dietary fibre or other easily fermentable carbohydrates cannot be disregarded as an important mechanism whereby such carbohydrates improve lipid metabolism.
